The balance between self-renewal and differentiation of neural progenitor cells is an absolute requirement for the correct formation of the nervous system. Much is known about both the pathways involved in progenitor cell self-renewal, such as Notch signaling, and the expression of genes that initiate progenitor differentiation. However, whether these fundamental processes are mechanistically linked, and specifically how repression of progenitor self-renewal pathways occurs, is poorly understood. Nuclear factor I A (Nfia), a gene known to regulate spinal cord and neocortical development, has recently been implicated as acting downstream of Notch to initiate the expression of astrocyte-specific genes within the cortex. Here we demonstrate that, in addition to activating the expression of astrocyte-specific genes, Nfia also downregulates the activity of the Notch signaling pathway via repression of the key Notch effector Hes1. These data provide a significant conceptual advance in our understanding of neural progenitor differentiation, revealing that a single transcription factor can control both the activation of differentiation genes and the repression of the self-renewal genes, thereby acting as a pivotal regulator of the balance between progenitor and differentiated cell states.
Introduction
Within the developing nervous system, generation of distinct cellular subtypes from radial progenitor cells occurs in a temporally and sequentially distinct fashion, such that neurons are generated first, followed by astrocytes and finally oligodendrocytes. The Notch pathway plays a central role in this process by regulating neural progenitor cell self-renewal (Shimojo et al., 2008) . Activation of the Notch receptor results in cleavage and release of the Notch intracellular domain (NICD). The NICD is then translocated to the nucleus, where, in association with the DNA-binding protein RBPj, it induces expression of downstream target genes (Louvi and Artavanis-Tsakonas, 2006) . These effector genes include the basic helix-loop-helix transcription factors Hes1 and Hes5, which maintain neural progenitor cells via inhibition of proneural gene expression (Bertrand et al., 2002) .
Recent studies have begun to elucidate genes responsible for driving neuronal-or glial-lineage specification (Götz and Huttner, 2005) . For instance, the transcription factor nuclear factor I A (Nfia) regulates gliogenesis within the embryonic spinal cord (Deneen et al., 2006) . Nfia Ϫ/Ϫ mice also exhibit aberrant cortical glial development (Shu et al., 2003) , and nuclear factor I (NFI) gene family members have been shown to directly bind and regulate the expression of glial-specific genes in vitro (Bisgrove et al., 2000; Cebolla and Vallejo, 2006) . Recently it was demonstrated that activation of the Notch pathway in telencephalic neural progenitor cells in vitro culminates in Nfia expression (Namihira et al., 2009) , with Nfia overexpression causing demethylation of the STAT3 binding site on the glial fibrillary acidic protein (Gfap) promoter (Namihira et al., 2009 ). These findings link Notch activity to induction of Nfia expression in neural progenitors, leading to gliogenesis via demethylation of astrocyte-specific genes responsive to JAK-STAT signaling.
Despite these advances, our understanding of the process by which Notch-mediated self-renewal of progenitors is repressed to enable neuronal or glial differentiation to proceed is unclear.
Here we investigate progenitor cell differentiation in Nfia Ϫ/Ϫ mice to address this question. NFIA is expressed within ventricular zone progenitors early in telencephalic development, before astrocyte formation. Moreover, the differentiation of telencephalic ventricular zone progenitors is delayed in Nfia Ϫ/Ϫ mice. Expression of Hes1 is significantly upregulated in the telence-GTGT), tenascin C reverse (TCAGTGACCCGCATCTCATT), Dll1 forward (CGCTACTGCGATGAGTGCA), Dll1 reverse (TGAGTACAGTAGT-TCAGGTCT), HPRT forward (GCAGTACAGCCCCAAAATGG), and HPRT reverse (AACAAAGTCTGGCCTGTATCCAA) .
qPCR data expression and analysis. After completion of the PCR amplification, the data were analyzed with the Rotor-Gene software as described previously (Piper et al., 2009b) . When quantifying the mRNA expression levels, the housekeeping gene HPRT was used as a relative standard. All the samples were tested in triplicate. By means of this strategy, we achieved a relative PCR kinetic of standard and sample. For all qPCR analyses, RNA from three independent replicates for both wildtype and Nfia Ϫ/Ϫ mice were interrogated. Statistical analyses were performed using a two-tailed unpaired t test. Error bars represent the SEM.
Immunohistochemistry. Embryos (E14 and below) were drop-fixed in 4% paraformaldehyde (PFA) or transcardially perfused with 0.9% saline, followed by 4% PFA (E15-E18), then postfixed in 4% PFA at 4°C. Brains were removed and sectioned at 50 m on a vibratome (Leica). Immunohistochemistry using the chromogen 3,3Ј-diaminobenzidine was performed as described previously . For all immunohistochemical analyses, three wild-type and Nfia Ϫ/Ϫ brains were analyzed. Sections from comparable positions along the rostrocaudal axis were imaged using an upright microscope (Zeiss Z1). Immunofluorescence labeling was performed as described above with minor modifications. The primary antibody was incubated overnight at 4°C, and sections were washed and incubated in secondary antibody, before being mounted. Fluorescence confocal microscopic images revealing expression of hippocampal markers were obtained with a laser scanning microscope (Zeiss 510 Meta). Hippocampal cell culture was performed as described previously (Barry et al., 2008) .
Immunohistochemistry on paraffin sections. Brains were perfused as above, embedded in paraffin, and sectioned coronally at 6 m. Hematoxylin staining and immunohistochemistry were performed as described previously (Barry et al., 2008) .
Antibody parameters. Primary antibodies used for immunohistochemistry were anti-Tbr1 and anti-Tbr2 (rabbit polyclonal, a gift from Robert Hevner, University of Washington, Seattle, WA, 1/100,000 and 1/30,000 respectively), anti-Prox1 (rabbit polyclonal, 1/100,000; Millipore Bioscience Research Reagents), anti-Pax6 (rabbit polyclonal, 1/25,000; Millipore Bioscience Research Reagents), anti-GFAP (rabbit polyclonal, 1/50,000; DAKO), anti-GLAST (rabbit polyclonal, a gift from Niels Danbolt, University of Oslo, Oslo, Norway, 1/50,000), anti-nestin (mouse monoclonal, 1/1500; Developmental Studies Hybridoma Bank), anticleaved caspase 3 (rabbit polyclonal, 1/1000; Cell Signaling Technology), and anti-tenascin C (rabbit polyclonal, 1/2000; Millipore Bioscience Research Reagents). Secondary antibodies used were biotinylated goatanti-rabbit IgG and biotinylated donkey-anti-mouse IgG (1/500 to 1/2000; Vector Laboratories). The primary antibodies used for immunofluorescent labeling were anti-NFIA (1/1000; rabbit polyclonal, Active Motif), anti ␤-galactosidase (1/1000; mouse monoclonal, Promega), anti-␤III tubulin (Tuj1 clone; mouse monoclonal, 1/1000; R&D Systems), and anti-GFAP (mouse monoclonal, 1/1000; Millipore Bioscience Research Reagents). The secondary antibodies were goat anti-rabbit IgG AlexaFluor 594 and goat anti-mouse IgG AlexaFluor 488 (each 1/1000; Invitrogen). Primary antibodies used for immunohistochemistry on paraffin sections were anti-NFIA (rabbit polyclonal, 1/1000; Active Motif) and anti-phosphohistone-H3 (rabbit polyclonal, 1/1000; Millipore). A biotinylated goat anti-rabbit IgG secondary antibody (Vector Laboratories) was used at 1/1000.
Quantification of ventricular zone width/hippocampal cell counts. For measurements of ventricular zone width and phosphohistone-H3 (PH-H3) cell counts, E14, E16, and E18 wild-type and Nfia Ϫ/Ϫ brains were processed for paraffin sectioning and cut coronally at 6 m. To measure the ventricular zone width, sections were hematoxylin stained and imaged with an upright microscope (Zeiss ZI) coupled to AxioVision software (Zeiss). The width of the ventricular zone was measured at three points along the hippocampus for each section. Data for both wild-type and knock-out hippocampi were then pooled for comparison of ventricular zone width. For PH-H3 cell counts, the total number of PH-H3-positive cells in the ventricular zone of each hippocampus was counted.
For counts of Pax6-positive and Tbr2-positive cells within the hippocampus, the number of immunopositive cells per 100 m was quantified using confocal images of fluorescently labeled vibratome sections at E16. Images were acquired using a LSM 510 Meta (Zeiss). For the BrdU/ Tbr1 hippocampal cell counts, the number of cells in which Tbr1 and BrdU immunoreactivity was colocalized per 300 m was quantified using confocal images of fluorescently labeled vibratome sections at E16. Images were acquired using a LSM 510 Meta (Zeiss). For all experiments, data represent pooled results from at least 3 wild-type and 3 Nfia Ϫ/Ϫ brains. Counts were performed blind to the genotype of the sample. Statistical analyses were performed using a two-tailed unpaired t test. Error bars represent the SEM.
In situ hybridization. Embryos were collected and fixed as described above (n ϭ 3 for both wild-type and knock-out). In situ hybridization was performed using antisense probes as previously described (Piper et al., 2009a) with minor modifications. The hybridization temperatures were 68 -70°C. The color reaction solution was BM Purple (Roche). In situ probes were kindly provided by Ryoichiro Kageyama (Kyoto University, Kyoto, Japan) (Hes1 and Hes5), Sally Dunwoodie (Victor Chang Cardiac Research Institute, Sydney, Australia) (Dll1), Jane Johnson (University of Texas, Dallas, TX) (Mash1), and Francois Guillemot (National Institute for Medical Research, London, UK) (Ngn2).
BrdU birth dating. Pregnant dams were injected with 5-bromo-2Ј-deoxyuridine (BrdU; 50 mg/g mouse) at E14. Embryos were perfusefixed at E16 and processed for immunohistochemistry as described above.
Hippocampal microarrays. E16 hippocampal tissue was dissected in ice-cold PBS using fine forceps and a dissecting microscope. Tissue was immediately snap frozen in liquid nitrogen. Individual hippocampal samples from Nfia Ϫ/Ϫ mice and wild-type controls were collected (n ϭ 4 for wild-type and n ϭ 5 for mutant). Total RNA was extracted using the RNeasy Micro Kit (Qiagen). Total RNA concentration was determined using the NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies) and RNA integrity was confirmed using the Agilent 2100 Bioanalyzer RNA 600 NanoChip (Agilent). Microarray hybridization, washing, and scanning was performed at the ARC (Australian Research Council) Special Research Centre for Functional and Applied Genomics microarray facility (The University of Queensland). Initially, 250 ng of total RNA from each sample was amplified using the Illumina RNA TotalPrep Amplification kit (Ambion) following the manufacturer's instructions. The in vitro transcription reaction was conducted for 14 h and included the labeling of the cRNA by biotinylation.
Labeled and amplified material (1.5 g/sample) was hybridized to Illumina's Sentrix Mouse-6 Expression BeadChips (Illumina) at 55°C for 18 h according to the Illumina BeadStation 500ϫ protocol. Arrays were washed and then stained with 1 g/ml cyanine3-streptavidin (GE Healthcare). The Illumina BeadArray reader was used to scan the arrays according to the manufacturer's instructions. Samples were initially evaluated using the BeadStudio software from Illumina. Quality control reports were satisfactory for all samples.
The raw data were then imported into GeneSpring GX v7.3 (Agilent) for data visualization and downstream analysis. Data were initially filtered using GeneSpring normalization algorithms. Quality control data filtering was then performed to remove signals that were not present in at least 7 of 9 of the samples using the bead detection score p value, and with expression values below background, as determined by the cross-gene error model. Differential expression was determined by the one-way ANOVA-Welch's approximate t test without a multiple testing correction. A cutoff p value of 0.05 was used for the mean difference between wild-type and Nfia mutant hippocampal tissue. In addition, a 1.5-foldchange filter was imposed on the genes from the ANOVA dataset.
In silico promoter analysis. A number of genes from the expression analysis were identified as potential direct targets for regulation by NFI. For each gene the University of California Santa Cruz (UCSC) table browser was used to extract the coordinates of 2 kb of sequence upstream of the transcription start site. These genomic coordinates were used to extract a multiple alignment file from the UCSC multiple alignment table multiz30way with mouse as the reference genome. From the multiple alignment sequences were extracted for the mouse, rat, rabbit, and guinea pig genomes. A phylogenetic tree relating these species extracted from the UCSC genome wiki (http://genomewiki.ucsc.edu/index. php/Mm9_multiple_alignment) was used such that phylogenetic relationships in the Newick tree format are taken to be as follows: (((Mouse: 0.0763, Rat:0.0844):0.2006, GuineaPig:0.2030):0.0344, Rabbit:0.2085). As our binding site motif, we began with the consensus sequence TTGGC(N5)GCCAA, which has been shown to be the highest-affinity binding site for NFI proteins (Gronostajski, 2000) . The consensus sequence was converted directly into a probability matrix. However, to allow for mismatches in the binding site, these probabilities were altered by converting to a frequency matrix under the assumption that we had only five observed binding sites. We then applied a pseudocount of 0.38, shown to be a near-optimal value (Frith et al., 2008) , and converted back to a probability matrix. The background frequencies were calculated using only the 2 kb promoter sequences from the mouse genome and used these proportions when applying the pseudocount.
Each of the multiple alignments of promoter sequence was scanned using the Monkey algorithm (Moses et al., 2004) . (Note that for some of the promoter regions, there was insufficient sequence in one or more of the genomes, so that the scan was performed over only a subset of the four genomes.) Monkey uses a phylogenetic motif model, which assumes that motif sites are evolving under selective pressure to maintain the affinity to the transcription factor. The algorithm scans a multiple alignment of sequences and produces p values that are estimates of the prob- A, B) . C, D, At E18, NFIA expression in the ventricular zone was still prominent (arrow in D), while NFIA expression was also observed in the pyramidal neuronal layer (double arrowhead in D) and dentate gyrus (arrowhead in D). D is a higher-magnification view of the boxed region in C. E, F, In vitro cultures of wild-type hippocampal cells demonstrating that NFIA (red) colocalized with both the neuronal marker Tuj1 (green; E) and the mature glial marker GFAP (green; F). G, H, Blue, DAPI. Hematoxylin staining on wild-type sections at E18 (G) revealed the morphologically folded appearance of the hippocampus.Inthemutant(H),however,thedentategyruswasseverelyreduced(openarrowhead in H), and the ventricular zone (parentheses in G, H) was markedly thicker than in the control. Scale bar (in H): A, 100 m; B, 250 m; C, 1 mm; D, G, H, 300 m; E, F, 15 m. ability of getting a score as good or better under the assumption that the given section of the multiple alignment evolved from a common ancestor according to a "background" model (HKY) and were not under any selective pressure. To account for multiple testing, we multiplied each predicted site's p value by 2000, the approximate number of positions that could match the motif in a given upstream region. The corrected values were referred to as E values, and represented the expected number of randomly chosen upstream regions that would contain a motif site matching the model as well as the predicted site. As an additional estimate of the reliability of predicted sites, we also estimated the false discovery rate using a technique for estimating the null score distribution (Kheradpour et al., 2007) . The columns of the NFI motif were shuffled multiple times to generate candidate null motifs. A number of filters to the candidates (Hawkins et al., 2009) were applied so that we were left with a subset of motifs that did not resemble known motifs. The promoter regions were scanned with these motifs and the average number of hits was taken as an estimate of the number of false positives at a given threshold.
The upstream regions for 11 selected genes were scanned using this method. The genes we selected were Hes1, Hes5, Id4, Hey1, Dll1, Hey2, Gfap, SCIP, Glast, Prox1 , and Calretinin. The results are shown in supplemental Table 3 (available at www.jneurosci.org as supplemental material). An extremely probable NFI binding site was found in the Hes1 promoter region (E value ϭ 0.009) and a highly probable site in the SCIP promoter region (E value ϭ 0.07). This strongly suggests that both Hes1 and SCIP are direct NFI targets. Seven of the other eleven selected upstream contain putative, conserved binding sites predicted by Monkey with E values Ͻ1.0. Although such large E values are not statistically significant by themselves, the upstream regions of several genes have multiple predicted NFI binding sites. These additional sites and their location relative to the transcription start site lend added support to the prediction that they are direct NFI targets.
The evidence of Hes1 being a direct NFI target provided by the highly conserved site is further increased by the occurrence of two additional potential conserved sites with E values Ͻ0.4 in the region we scanned. One would only expect 0.4 matches, so this represents an enrichment of over twofold. Finally, all three of the predicted Hes1 sites are within 200 bp upstream of the transcription start site. Together, these three sites strongly suggest that Hes1 is a direct NFI target.
The Hes5 upstream region contains three possible conserved NFI binding sites with E values Ͻ0.5 (representing an approximately sixfold enrichment over what would be expected by chance). Furthermore, the most highly conserved site (E value ϭ 0.3) is located just 169 bp upstream of the transcription start site. We therefore believe Hes5 to be a probable direct regulatory target of NFI.
Support for our prediction that Gfap is a direct NFI target is provided by three sites with E values under 0.5 (sixfold enrichment over chance). Supplemental Table 3 (available at www.jneurosci.org as supplemental material) shows four sites, the most highly conserved of which is only 482 bp upstream of the transcription start site and has an E value of 0.2. There is another, less conserved site 385 bp upstream of the transcription start site (E value 0.49), suggesting that these two putative sites may indicate NFI regulation of Gfap via binding near the proximal promoter. There are two additional putative sites that add additional evidence of direct regulation by NFI, although they should be treated as a single site at ϳ1951 bp upstream of the transcription start site (E value 0.2). This site has previously been shown to be bound by NFI proteins in vitro (Miura et al., 1990) . The occurrence of (effectively) three conserved putative NFI sites upstream of Gfap suggests that it may also be directly regulated by NFI.
The putative conserved NFI binding sites we predict in the upstream regions of Id4, Hey1, Glast, Prox1, and calretinin are only suggestive, since their E values are not significant, and they each contain only one predicted site. Given the well known difficulty of predicting transcription factor binding sites in silico, however, it may well be that these genes are bona fide NFI targets.
Electrophoretic mobility shift assay. Total cortex was removed from E18 brains to isolate nuclear extracts. Protease inhibitor tablets (Roche) were added to the extraction buffers (Smith et al., 1998) . Electrophoretic mobility shift assay (EMSA) was performed using radiolabeled annealed oligonucleotides containing a control NFI consensus site (Pham et al., 2004) or Hes1 consensus sites, designated Hes1-A, Hes1-B, and Hes1-C. EMSA reactions were performed as described previously using 1 g of nuclear extract and 1 g of poly-[dI-dC] as nonspecific competitor per reaction (Smith et al., 1998) . Oligonucleotide sequences were as follows: NFI control, 5Ј-ggTTTTGGATTGAAGCCAATATGATAA-3Ј (upper strand), 5Ј-ggTTATCATATTGGCTTCAATCCAAAA-3Ј (lower strand); Hes1-A, 5Ј-ggCGCCATTGGCCGCCAGACCTTGTG-3Ј (upper strand), 5Ј-ggCACAAGGTCTGGCGGCCAATGGCG-3Ј (lower strand); Hes1-B, 5Ј-ggCCTTGTGCCTAGCGGCCAATGGGG-3Ј (upper strand), 5Ј-ggC-CCCATTGGCCGCTAGGCACAAGG-3Ј (lower strand); Hes1-C, 5Ј-ggTCCCATTGGCTGAAAGTTACTGTGG-3Ј (upper strand), 5Ј-ggCCACAGTAACTTTCAGCCAATGGGA-3Ј (lower strand). Additional bases used to generate 5Ј overhangs for endfill are indicated in lower case.
Chromatin immunoprecipitation. Total cortex was removed from E18 brains. The chromatin immunoprecipitation (ChIP) assay was performed using ChIP-IT Express kit (Active Motif) as per the manufacturer's instructions. Tissue was homogenized and then fixed in 37% formaldehyde for 10 min followed by 1 ml of glycine buffer for 5 min. Cells were pelleted, washed, then resuspended in lysis buffer for 30 min. Following centrifugation, the pellet was resuspended in shearing buffer with protease inhibitors. Sonication was performed using a Bioruptor (Diagenode), after which the supernatant was used as the input sample for immunoprecipitation experiments. Antibodies used were mouse NFIA (Active Motif), IgG (Active Motif), and RNA polymerase II (Active Motif). The anti-NFIA antibody has previously been shown to be highly specific for NFIA . Protein G-coated magnetic beads were used to purify specific antibody/DNA complexes. Following washes in supplied ChIP buffers, DNA was dissociated from the antibody using the supplied elution buffer AM2 and reverse cross-linking buffer. Samples were then incubated at 95°C for 15 min before proteinase K treatment for 1 h at 37°C. DNA fragments bound to NFIA or IgG antibodies were tested by PCR for specific promoter regions predicted to be bound by NFIA.
Primer sequences for chromatin immunoprecipitation. Sequences for PCR primers used were as follows: Gfap (promoter) forward CTTGACTCT-GGGTACAGTG, reverse CCTTTATGGAGGAACGGGTT (149 bp); Gfap negative (exon 6) forward AGTTACCAGGAGGCACTTGC, reverse CG-GTTTTCTTCGCCCTCCA (163 bp); Hes1 (promoter) forward GCCA-GACCTTGTGCCTAG, reverse ATCTGGGACTGCACGCGAA (142 bp); Hes1 negative (exon 4) forward CCTTTCTCATCCCCAACGG, reverse CCGCCACGGTCTCCACAT (164 bp).
Luciferase reporter assay. The constructs used in the luciferase assay were a full-length Nfia expression construct driven by the chick ␤-actin promoter (Nfia pCAGIG) and a construct containing the first 600 bp upstream of the transcription start site of the mouse Hes1 gene containing the predicted NFI binding sites cloned into a luciferase vector (pGL4.23; Promega). DNA was transfected into HEK 293 cells using FuGene (Invitrogen). After 48 h, luciferase activity was assessed using a luciferase substrate (Promega) as per the manufacturer's instructions.
Results

Progenitor cells of the developing hippocampus express NFIA
NFIA is expressed widely in the developing telencephalon , including the hippocampus. At E14 and E16, the hippocampal ventricular zone was marked by high levels of NFIA expression (Fig. 1A,B) . At E18, expression of NFIA within the ventricular zone remained prominent, and cells within the fimbria, the pyramidal neuronal layer and the emerging dentate gyrus also exhibited NFIA immunoreactivity (Fig. 1C,D) . Analysis of dissociated hippocampal cultures in vitro revealed NFIA coexpression with both the neuronal marker TuJ1 and the astrocytic marker GFAP (Fig. 1E,F) , demonstrating that NFIA is expressed in both neurons and astrocytes within the hippocampus. However, the expression of NFIA within the ventricular zone suggests that, in addition to regulating astrocyte-specific gene expression (Namihira et al., 2009) , Nfia may modulate gene expression within neural progenitors from an early stage in telencephalic development.
Gross morphological defects are present in the hippocampus of Nfia
؊/؊ mice To address the role played by Nfia during neural progenitor differentiation, we studied hippocampal development in mice lacking this transcription factor. Nfia Ϫ/Ϫ mice display telencephalic defects, including agenesis of the corpus callosum (Shu et al., 2003) . A decrease in the number of glial processes within the dentate gyrus and fimbria has also been reported (Shu et al., 2003) , but how this deficit arises is unknown. The absence of hippocampal glia was not the result of excessive apoptosis within the hippocampus of Nfia mutants, as we observed no statistically significant differences in the occurrence of apoptotic cells between mutants and wild-type controls (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Instead, hematoxylin staining of E18 wild-type and Nfia Ϫ/Ϫ hippocampi revealed a marked increase in the size of the hippocampal ventricular zone in the mutant at this age (compare brackets in Fig. 1G,H) . Furthermore, the dentate gyrus in Nfia Ϫ/Ϫ mice was morphologically reduced (arrowhead in Fig. 1H ) in comparison to A, B) . At E14 in the wild type, a broad band of ventricular zone-derived Tbr1-positive neurons was observed within the ammonic neuroepithelium (arrowhead in C ). In the mutant, however, these cells were not present at E14 (D), and were not detected until E16 (arrowhead in F ). G-L, Birth dating of proliferating cells in the hippocampus. At E14, a pulse of BrdU was used to label cells in S-phase. Wild-type and Nfia Ϫ/Ϫ hippocampi were analyzed 2 d later at E16. In the wild type, little colocalization of BrdU (green) and Tbr1 (red) was evident that in wild-type controls (Fig. 1G) . Mature hippocampal glia and dentate granule neurons, both of which originate in the ammonic ventricular zone, are essential for morphogenesis of the dentate gyrus (Zhou et al., 2004; Barry et al., 2008) . Thus, the severe reduction of this structure in the Nfia Ϫ/Ϫ mice is likely to be the culmination of the delayed differentiation of ventricular zone-derived progenitors.
The neural progenitor population is expanded in the hippocampus of Nfia ؊/؊ mice During cortical development, progenitor cells begin to differentiate from midgestation onwards, and their postmitotic progeny migrate away from the ventricular zone. Consequently, the width of the ventricular zone is reduced over time. The increased ventricular zone width in the Nfia mutant at E18 indicates that differentiation of ventricular zone progenitors may be regulated by this transcription factor. To address this, we initially determined when the enlargement of the ventricular zone first became apparent in Nfia Ϫ/Ϫ mice, by quantifying the ventricular zone width at E14, E16, and E18 using hematoxylin-stained 6 m paraffin sections. Whereas at E14 there was no statistically significant difference between the mutant and the control, at both E16 and E18 the width of the ventricular zone was significantly greater in the Nfia mutants ( Fig. 2A-C) . Furthermore, using immunohistochemistry against the mitotic marker PH-H3, we observed a significant increase in the number of cells undergoing mitosis within the ventricular zone of Nfia Ϫ/Ϫ hippocampi in comparison to that of littermate controls at these ages (Fig. 2 D-F ) . Together, these data indicate that cells within the hippocampal ventricular zone of Nfia Ϫ/Ϫ mice remain in a proliferative state for longer than those in littermate controls.
To confirm this finding, we next investigated expression of the ventricular zone neural stem cell marker Pax6 (Götz et al., 1998; Quinn et al., 2007) at E16. The Pax6-expressing ventricular zone was markedly wider in Nfia Ϫ/Ϫ sections than in wild-type controls (Fig. 2G,H ) . Furthermore, quantification of Pax6-positive cells demonstrated that there were significantly more immunopositive cells in the mutant (Fig. 2 K) . During differentiation, progenitor cells migrate out of the ventricular zone into the subventricular zone to become intermediate progenitor cells that express markers such as Tbr2, while markers such as Pax6 are downregulated (Englund et al., 2005) . We hypothesized that the delay in the differentiation of ventricular zone progenitors may culminate in subsequent delays in intermediate progenitor cell formation. There was no significant difference in the number of Tbr2-positive intermediate progenitor cells between controls and Nfia knock-outs at E16 (Fig. 2K) . Importantly, however, immunohistochemistry and quantitative real-time PCR (qPCR) 2 d later at E18 revealed significantly higher levels of Tbr2 in the mutant (Fig.  2I,J,N) , suggesting that differentiation of intermediate progenitor cells in the subventricular zone is also delayed in the absence of Nfia.
The expansion of the hippocampal ventricular zone and the Pax6-positive progenitor pool in late gestation Nfia mutants led us to speculate that the expression of other neural stem cell markers would also be elevated in these mice. In addition to Pax6, cortical ventricular zone progenitors are characterized by expression of the intermediate filament protein nestin (Lendahl et al., 1990; Yamaguchi et al., 2000) . Nestin expression in the Nfia Ϫ/Ϫ hippocampus from E14 to E18 appeared grossly normal (Fig. 2L,M and data not shown), indicating that ventricular zone progenitors are correctly specified in the absence of Nfia. Crucially, however, we observed a significant increase in the levels of nestin mRNA in the hippocampus of Nfia Ϫ/Ϫ mice at E18 (Fig. 2N) . Collectively, these data indicate that Nfia plays a key role in promoting differentiation of neural stem cells within the embryonic ventricular zone, and that in its absence ventricular zone cells remain in a progenitor state.
Neuronal development is delayed in the embryonic
Nfia
؊/؊ hippocampus To address whether the expansion of the ventricular zone in the Nfia Ϫ/Ϫ hippocampus led to delayed neuronal development, we first analyzed patterning, and the formation of neurons, within the hippocampus. The expression of Wnt3a in the cortical hem of Nfia mutants at E12 was comparable to that in controls, whereas Lhx2 was excluded from the hem (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), indicating that formation of this structure, which is a key signaling center for hip- B) , whereas expression of KA1 in the mutant was reduced at E16, but appeared comparable to the control at E18. G, qPCR on wild-type and Nfia Ϫ/Ϫ tissue confirmed these findings, with SCIP mRNA levels at E18 and KA1 mRNA levels at E16 significantly reduced in Nfia Ϫ/Ϫ mice compared to controls. H-K, Expression of Prox1 in coronal sections of wild-type (H, J ) and Nfia Ϫ/Ϫ (I,K)brains.AtE16inthewildtype(H),Prox1-positivedentategranuleneuronswereobservedinthedentateneuroepithelium (arrowinH)andwithintheincipientdentategyrus(arrowheadinH).Inthemutant,however,expressionwasonlyobservedinthedentate neuroepithelium (arrow in I). At E18, expression of Prox1 in the mutant had recovered (K), but the dentate granule neurons did not form the distinctive chevron shape of the dentate gyrus that was seen in the control (arrowhead in J). L, qPCR on wild-type and Nfia Ϫ/Ϫ tissue demonstrated an early delay in the generation of dentate granule neurons, as levels of Prox1 mRNA in the mutant were significantly reduced at E16, but not E18. *p Ͻ 0.05, Student's t test. Scale bar (in K): A, B, E, F, J, K, 300 m; C, D, H, I, 250 m. pocampal specification (Mangale et al., 2008) , occurs normally in Nfia Ϫ/Ϫ mice. Furthermore, there were no gross defects in the choroid plexus (data not shown), which expresses bone morphogenetic proteins during hippocampal development (Hébert et al., 2002) . Cajal-Retzius cells, which originate from multiple sources within the telencephalon, including the cortical hem, were observed at the pial surface of the hippocampus in both the wild-type and the Nfia mutant at E13 (Fig. 3A,B) , and expressed reelin at E18 (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The migration of interneurons into the hippocampus of Nfia Ϫ/Ϫ mice also appeared normal (supplemental Figs. 3, 4 , available at www. jneurosci.org as supplemental material). These data suggest that the phenotypic abnormalities evident in these mice (Fig. 1F ) are unlikely to be due to defects in either the function of the cortical hem in patterning the hippocampus, choroid plexus development or the reelin signaling pathway.
Unlike Cajal-Retzius cells, the postmitotic pyramidal neurons of the cornu ammonis (CA) regions of the hippocampus are derived from the hippocampal ventricular zone. As they differentiate, these cells begin to express neuron-specific genes, including Tbr1 (Hevner et al., 2001 ). Using Tbr1 expression as a marker, we observed a distinct difference in the differentiation of these neurons in Nfia mutants. In the wild type at E14, a broad band of Tbr1-positive cells was observed, corresponding to postmitotic neurons that had differentiated from the hippocampal ventricular zone and were migrating radially to initiate formation of the pyramidal cell layer (Fig. 3C) . In the mutant, however, these cells were not present at E14, most likely indicating that they had yet to differentiate (Fig. 3D) . Indeed, such pyramidal neurons were only present in the mutant at E16 (Fig. 3 , compare C to F ), revealing a delay of ϳ2 d in the development of the pyramidal cell layer in Nfia Ϫ/Ϫ mice. To substantiate this finding, we labeled cells in S-phase with BrdU at E14 and analyzed the proportion of BrdU-positive cells that coexpressed Tbr1 2 d later at E16. In the wild type, BrdU and Tbr1 were colocalized in very few cells (Fig. 3G-I ) (2.2 Ϯ 0.9 cells/300 m), indicating that the majority of Tbr1-positive neurons had already differentiated at the time of the BrdU pulse at E14. Analysis of the mutant, however, revealed a significantly larger number of neurons in which BrdU and Tbr1 were colocalized (Fig. 3J-L ) (10.1 Ϯ 4.4 cells/300 m, p Ͻ 0.05, Student's t test), suggestive of a delay in the differentiation of Tbr1-positive neurons in the absence of Nfia. Finally, analysis of the expression of the hippocampal neuronal subfield markers SCIP (CA1) and KA1 (CA3) (Tole et al., 1997) by in situ hybridization (Fig. 4 A-F ) and qPCR (Fig. 4G ) also revealed developmental delays within the Nfia Ϫ/Ϫ mice. Collectively, these findings indicate that the delay in the differentiation of ventricular zone progenitors in the absence of Nfia culminates in substantial delays in the production of ventricular zone-derived pyramidal neurons.
Delay in the development of dentate granule neurons in Nfia
؊/؊ mice Are other ventricular zone-derived hippocampal neuronal populations similarly developmentally delayed? Dentate granule neurons, which can be identified via expression of Prosperorelated homeobox 1 (Prox1), are born in the hippocampal dentate neuroepithelium at approximately E14 and migrate subpially into the presumptive dentate gyrus both prenatally and postnatally (Lavado and Oliver, 2007) . In wild-type mice, Prox1-positive dentate granule neurons had begun their migration from the dentate neuroepithelium and were populating the presumptive dentate gyrus at E16 (Fig. 4 H) . However, in Nfia Ϫ/Ϫ mice at this age, Prox1-positive cells were only apparent in the dentate neuroepithelium, and few were migrating toward the incipient dentate gyrus (Fig. 4 I) . qPCR analysis also revealed that levels of Prox1 mRNA were significantly lower in the Nfia mutants compared to controls at E16 (Fig. 4 L) . At E18, the distinctive chevron shape of the dentate gyrus was demarcated by Prox1-positive cells in the wild-type hippocampus (Fig. 4 J) , but Nfia Ϫ/Ϫ mice at this age displayed a delayed developmental pattern (Fig. 4 K) reminis- 
Expression of GLAST (A-F ) and GFAP (G, H ) in wild-type and Nfia
Ϫ/Ϫ hippocampi. At E14, expression of GLAST in the wild type was detected in the ammonic neuroepithelium (arrow in A) and the fimbrial glioepithelium (arrowhead in A), whereas expression in the mutant was only observed in the fimbrial glioepithelium (arrowhead in B). At both E16 and E18, expression of GLAST in the ammonic epithelium of the mutant became apparent (D,F),butGLASTmRNAlevelsinthemutantwerelowerthaninthecontrolatboththeseages(I).ExpressionofGFAPwithintheammonic epithelium(arrowsinG,H)andfimbrialglioepithelium(arrowheadsinG,H)wasmarkedlyreducedinNfia Ϫ/Ϫ hippocampi.Thisfinding was confirmed by qPCR, which demonstrated a significant decrease in Gfap mRNA in the mutant hippocampus at both E16 and E18 (J). At E18, expression of GFAP in the wild type was observed in the dorsal telencephalon (K, arrows) and the septum (arrowhead in K). In the mutant, GFAP expression in the cortex and septum was dramatically reduced, with low levels of GFAP observed only at the cortical midline (arrow in L). *p Ͻ 0.05, Student's t test. Scale bar (in L): A, B, 100 m; C, D, 250 m; E-H, 300 m; K, L, 400 m. cent of the wild type at E16 (Fig. 4 , compare H to K ). The level of Prox1 transcript in the mutant at E18 was, however, comparable to that in the control at this age (Fig. 4L) , indicating a recovery of mRNA production in the mutant mice. The recovery in Prox1 mRNA levels may be due to compensation via other members of the Nfi family, such as Nfib, which are also expressed in the hippocampal ventricular zone at this time . These findings suggest that Nfia Ϫ/Ϫ mice display delayed development of multiple neuronal populations, and correlate with our previous data showing a sustained increase in the ventricular zone progenitor population.
Delayed VZ differentiation culminates in deficient glial maturation
During midgestation, ventricular zone progenitors convert from producing neurons to producing glia, a process termed the gliogenic switch. As Nfia has been shown to regulate midline glial formation in the cortex (Shu et al., 2003) and gliogenesis within the spinal cord (Deneen et al., 2006) , we next analyzed whether formation of astrocytes within the hippocampus of Nfia Ϫ/Ϫ mice was impaired. In E14 wild-type mice, expression of the astrocytespecific glutamate transporter (GLAST), a marker for radial glial cells newly differentiated from neuroepithelial progenitor cells (Shibata et al., 1997; Hartfuss et al., 2001; Götz and Barde, 2005) , was apparent throughout the hippocampal formation and fimbria (Fig. 5A ). GLAST expression in Nfia Ϫ/Ϫ mice at E14 was, however, mostly absent from the hippocampal formation, but was still present in the fimbrial region (Fig. 5B) . Between E15 and E16, GLAST expression did become evident within the hippocampus of the mutant, but at a significantly lower level than in the control (Fig. 5C-F,I ). Expression of another marker for early radial glial cells, the extracellular matrix glycoprotein tenascin C (Götz et al., 1998) , was also markedly lower in Nfia Ϫ/Ϫ mice when compared to controls (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material).
Delays in astrocytic differentiation were even more pronounced in mature hippocampal glial populations. Expression of the astrocytic marker GFAP (Chiu et al., 1981) was initiated in the fimbrial region and neighboring ammonic neuroepithelium of the wild type at E15, whereas GFAP expression was strikingly reduced at this age in the Nfia Ϫ/Ϫ mice (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). Indeed, from E16 to E18 the marked increase in mature, GFAPexpressing astrocytes within the dentate gyrus, ammonic neuroepithelium and fimbrial glioepithelium seen in the wildtype hippocampus was severely curtailed in the mutant mice ( Fig.  5G,H ; supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). Moreover, expression of GFAP was greatly reduced in the neocortex and septum of Nfia Ϫ/Ϫ mice ( Fig.  5 K, L) , indicating that the delay in astrocytic development occurred throughout the telencephalon. Transcript levels of Gfap were also significantly reduced in both E16 and E18 mutant hippocampi (Fig. 5J ) . As Gfap is known to have an NFI binding site in its promoter (Cebolla and Vallejo, 2006) , we asked whether the levels of other astrocytic markers were also reduced. Transcript levels of s100␤, a calcium-binding protein specifically expressed in astrocytes (Haan et al., 1982) , were significantly reduced in E18 Nfia Ϫ/Ϫ versus wild-type hippocampi (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). Together, these data indicate that the retention of cells within the ventricular zone neural progenitor pool culminates in developmental delays to both neuronal and astrocytic lineages within the hippocampus of Nfia Ϫ/Ϫ mice.
Increased levels of Notch signaling occur in the absence of Nfia
To identify the molecular pathways regulated by Nfia during morphogenesis of the hippocampus, we next conducted a microarray screen of wild-type and Nfia Ϫ/Ϫ hippocampal tissue at E16, the age at which the increase in the ventricular zone width first became apparent in the mutant (Fig. 2C) . Over 3500 genes were differentially expressed in the mutant hippocampus using both a 1.5-fold cutoff and a significance level of p Ͻ 0.05 via ANOVA (supplemental Tables 1, 2 , available at www.jneurosci. org as supplemental material). Genes downregulated in the mutant included Prox1, GLAST, and S100␣6 (Table 1, Fig. 6S ) , indicative of the delays in both neuronal and glial differentiation arising from the longer maintenance of the progenitor state in Nfia mutants. Furthermore, expression of many genes in the Notch pathway was significantly upregulated in the mutant hippocampal array (Table 2) . These included the Notch ligand Delta-like ligand 1 (Dll1) and the key Notch effectors Hes1 and Hey2, as well as Id4, an inhibitor of stem cell differentiation. Expression of Neurogenin 2 (Ngn2), a proneural gene known to regulate Dll1 (Castro et al., 2006) , was also significantly upregulated in the mutant, as was Sox3, which has been implicated in neural stem cell maintenance (Wang et al., 2006) . Validation of these array data via both in situ hybridization and qPCR (Fig. 6) confirmed that multiple components of the Notch signaling pathway have elevated levels of expression in the Nfia Ϫ/Ϫ hippocampus. Furthermore, analysis of cortical ventricular zone progenitors revealed upregulation of Dll1, Ngn2, Hes1, and Hes5 (Fig. 6) , suggesting that Nfia regulates ventricular zone differentiation throughout the dorsal telencephalon.
In silico promoter analysis reveals Hes1 as a possible NFI target gene
Nfi genes have been demonstrated to directly regulate both neuronal-and glial-specific genes in vitro (Copertino et al., 1997; Bisgrove et al., 2000; Cebolla and Vallejo, 2006) . Is the upregulation of Notch pathway expression observed in the Nfia mutant A cutoff p value of 0.05 was used for the mean difference between wild-type and Nfia knock-out hippocampal tissue. In addition, a 1.5-fold change filter was imposed on the genes from the ANOVA dataset. B, D, F, H) . Dll1 (I-L) was also expressed at higher levels in the hippocampus (arrow in J ) and cingulate cortex (arrow in L) of Nfia mutants. The proneural gene Ngn2 (M-P) was also expressed at a higher level in the hippocampus and neocortex of Nfia mutants (arrows in N, P). Expression of Mash1 was comparable between wild-type and mutant hippocampi (Q, R). S, qPCR validation of the microarray results using independent biological (Figure legend continues.) simply a reflection of ventricular zone progenitors failing to differentiate and so retaining progenitor characteristics, or, alternatively, does Nfia directly repress elements of the Notch pathway, thereby promoting differentiation down either the neuronal or the glial lineage? To address this issue, we first performed in silico promoter analysis to identify potential NFI target genes. Although some potential targets for the Nfi genes have been identified via bioinformatics (Wong et al., 2007) , a comprehensive analysis of specific gene promoters, taking into account conservation across species, has yet to be performed. To do this, we used a position weight matrix of the NFI binding motif, TTGGC(N5)GCCAA (Mason et al., 2009) , to search for binding sites in the upstream regions of specific genes. This was done using both a simple log-likelihood score, known to be proportional to specific binding constants (Stormo and Fields, 1998) , and using a model that included evolutionary conservation (Moses et al., 2004) . We first identified four sequences within the Gfap promoter that have previously been identified as NFI binding sites (Miura et al., 1990) , thus validating our approach. Using a candidate-based approach, we next found that the promoters of many other neuronal-and glial-specific genes, including Glast, Prox1, and SCIP, possess highly conserved putative NFI binding sites within 2 kilobases of their transcription start site (Fig. 7A) . This analysis also indicated that many genes within the Notch signaling pathway contain putative NFI binding sites, including Hey1, Id4, and Hes5, the last of which contained three highly conserved putative NFI binding sites. Hes1, a basic helix-loophelix transcription factor that is one of the key effectors of the Notch pathway (Kageyama et al., 2008b) , was identified as a strong candidate for transcriptional regulation by Nfia, as there were three highly conserved NFI binding sites within 200 bp of the Hes1 transcription start site (Fig. 7A) . When considered in combination with our array and qPCR data, this promoter analysis indicates that, in addition to driving expression of genes involved in differentiation, Nfia may also repress expression of key members of the Notch pathway, most notably Hes1.
NFIA binds to the promoter of Hes1 in vivo and represses Hes1 promoter-driven reporter gene activity To determine whether NFIA can bind directly to the putative NFI binding sites identified in the Hes1 promoter, we first performed electrophoretic mobility shift assays using E18 mouse cortex nuclear extracts. E18 mouse cortex nuclear extract bound to radiolabeled oligonucleotide probes containing a control NFI consensus site, as well as to probes containing each of the three potential NFI binding sites within the Hes1 promoter, designated Hes1-A, Hes1-B, and Hes1-C (Fig. 7B) . Supershifting of the probes with an anti-NFIA antibody indicated that the protein bound to each oligonucleotide was NFIA. The specificity of binding was further confirmed by the competition of binding with excess unlabeled NFI control probe (Fig. 7B) . Binding to the Hes1-A, Hes1-B, and Hes1-C probes was also observed using in vitro translated NFIA (data not shown). These data suggest that NFIA can interact directly with the three NFI binding sites identified within the Hes1 promoter. To determine whether NFIA can bind this region in vivo, we next performed chromatin immunoprecipitation on cortical tissue from E18 wild-type embryos. As a positive control, we amplified a region from the Gfap promoter that has previously been shown to bind NFI protein (Miura et al., 1990) . Anti-NFIA antibodies specifically precipitated this promoter region (Fig. 7C) , demonstrating in vivo binding of NFIA to the Gfap promoter. Importantly, anti-NFIA antibodies were also able to specifically precipitate the DNA region from the Hes1 promoter containing the three NFI binding sites (Fig. 7C) , confirming that NFIA is indeed able to bind the Hes1 promoter in vivo. Finally, using a reporter gene assay, we demonstrated that NFIA was able to directly repress luciferase expression driven by the Hes1 promoter in vitro (Fig. 7D) . From these data, we infer that NFIA is a direct transcriptional repressor of Hes1.
Discussion
The self-renewal of progenitor cells is regulated by the Notch pathway during nervous system development. Regulation of Notch signaling is complex, and regulatory control can be exerted at multiple levels in both the extracellular and intracellular milieux (Yoon and Gaiano, 2005; Louvi and Artavanis-Tsakonas, 2006 ). Here we reveal that, in the absence of Nfia, Hes1 expression is significantly enhanced and progenitor cells remain undifferentiated and accumulate within the telencephalic ventricular zone. Furthermore, using an in silico bioinformatic approach, we have identified three highly conserved putative NFI binding sites within the basal promoter of the Hes1 gene and demonstrated that this region is bound by NFIA using electrophoretic mobility shift assays and chromatin immunoprecipitation, as well as showing that NFIA can repress transcriptional activity under the control of the Hes1 promoter. These data represent a significant advance in our understanding of how the maintenance of progenitor cells is regulated, and provide a mechanistic insight into how the activation of Nfia expression by the Notch pathway (Namihira et al., 2009) culminates not only in the expression of astrocyte-specific genes, but also in the simultaneous abro-4 ( Figure 6 legend continued.) replicates from E16 wild-type and Nfia Ϫ/Ϫ hippocampi. Genes in the top section were significantly upregulated, genes in the middle section were unchanged, and genes in the bottom section were significantly downregulated in Nfia Ϫ/Ϫ tissue. Statistical significance for upregulated and downregulated genes was determined using a Student's t test with a significance level of p Ͻ 0. A cutoff p value of 0.05 was used for the mean difference between wild-type and Nfia knock-out hippocampal tissue. In addition, a 1.5-fold change filter was imposed on the genes from the ANOVA dataset.
gation of Notch pathway activity via repression of Hes1 expression (Fig. 7E) . A number of recent findings have highlighted the role played by NFIA in controlling the transition of ventricular zone progenitors from neurogenic to gliogenic division, a process known as the gliogenic switch (Deneen et al., 2006; Namihira et al., 2009 ).
Using the spinal cord as a model system, Deneen et al. (2006) provided evidence that NFIA is required to promote glialfate specification. Interestingly, expression of Hes5 within the spinal cord ventricular zone was also shown to require NFIA (Deneen et al., 2006) , although whether NFIA directly regulated Hes5 was not addressed. The findings that Nfia is required for Hes5 expression (Deneen et al., 2006) and represses Hes1 expression (this study) suggests that the role of Nfia in regulating gene expression within ventricular zone progenitors may be context-dependent. With relation to cortical ventricular zone progenitors, Notch signaling in midgestational telencephalic precursors was recently demonstrated to induce NFIA expression, leading to demethylation of astrocyte-specific genes responsive to JAK-STAT signaling, such as Gfap (Namihira et al., 2009 ). This study provided a mechanistic insight into the role of NFIA with regard to cortical gliogenesis, placing NFIA downstream of Notch signaling and implicating epigenetic mechanisms in the promotion of the gliogenic switch.
However, a number of studies suggest that the role played by NFI family members is more extensive than this conceptual framework implies. For example, NFIs have been demonstrated to bind to the promoters of neuronal-and glialspecific genes and to regulate their activity in vitro (Copertino et al., 1997; Behrens et al., 2000; Bisgrove et al., 2000; Wang et al., 2004; Cebolla and Vallejo, 2006; Gopalan et al., 2006) , implying direct gene regulation by the NFI transcription factors. Moreover, our data clearly indicate that, in addition to regulating astrocytic differentiation within the telencephalon, NFIA also acts to negatively regulate the Notch signaling pathway, in part via direct repression of Hes1. Our working model posits that induction of Nfia expression by the NICD/RBPj complex (Fig. 7E, point 1 ) (Namihira et al., 2009 ) results in both repression of the downstream Notch effector Hes1 (Fig. 7E, point 2) and activation of astrocyte-specific genes (Fig. 7E, point  3) . As such, in the absence of Nfia, both neuronal and glial differentiation are delayed (Figs. 2-5 ) as a result of the failure to repress Notch pathway activity. These data imply that inhibition of Notch signaling in Nfia Ϫ/Ϫ cells would further reduce Gfap expression, as both Notch and NFIA regulate astrocytic development. In vitro culture of E18 Nfia Ϫ/Ϫ cortical cells with a ␥-secretase inhibitor supported this hypothesis, with significantly reduced levels of Gfap mRNA in the ␥-secretase inhibitor-treated Nfia Ϫ/Ϫ cells in comparison to vehicle-treated Nfia Ϫ/Ϫ cells (data not shown). Thus, these data point to NFIA Figure 7 . NFIA binds the basal promoter region of Hes1 in vivo and represses Hes1 promoter-driven reporter gene activity. A, Identification of putative conserved NFI binding sites using in silico bioinformatics. The consensus NFI binding site is TTGGC(N5)nnnnnGCCAA (Gronostajski, 2000) . Base pairs identified in silico that were identical to the NFI consensus sequence are colored red. The positions of the putative NFI binding sites are given relative to the transcription start site (position 0). The Hes1 promoter has three putative NFI binding sites within 200 bp of the transcription start site. B, EMSA. E18 mouse brain nuclear extracts were incubated with radiolabeled probes for NFI control (lanes 1-3), Hes1-A (lanes 4 -6), Hes1-B (lanes 7-9), or Hes1-C (lanes 10 -12) consensus sites. Binding reactions included 2ϫ cold (unlabeled) NFI control competitor or specific NFI〈 antibody where indicated. The specific NFIA complex (*) was depleted and produced a supershifted complex (ss) in the presence of the NFIA antibody. FP, Free probe. C, Chromatin immunoprecipitation assays were conducted on E18 wild-type cortices. DNA fragments immunoprecipitatedwithIgGoranti-NFIAantibodieswereanalyzedbyPCRwithprimersspecificallydesignedtoencompassthepredicted NFI binding sites. The NFI binding sites in the Gfap promoter were used as a positive control for NFIA binding (Miura et al., 1990) . For both GfapandHes1,controlprimers,designedtoanadjacentregionoftherespectivepromotersandlackingputativeNFIbindingsites,wereused asnegativecontrols.D,ReportergenetranscriptionalassayinHEK293cells.TransfectionofanNfiaexpressionvector(NfiapCAGIG)elicited noluciferaseactivity,whereastransfectionofaluciferasereporterconstructunderthecontroloftheHes1promoterelicitedrobustinduction of the reporter gene. Cotransfection of Nfia with the Hes1 promoter reporter construct resulted in a significantly reduced level of luciferase activity. *pϽ0.001, Student's ttest. E, Proposed model for the role of Nfia in the regulation of progenitor cell differentiation. Activation of NotchsignalingelicitsbothNfiatranscription(point1)(Namihiraetal.,2009)andHes1transcription.NFIAplaysabinaryroleindrivingthe differentiation of progenitor cells by actively repressing Hes1 expression (point 2) (this study) and activating the transcription of differentiation-specific genes such as GFAP (point 3) (Namihira et al., 2009) .
playing a binary role in telencephalic development and being central to both the expression of genes that drive the differentiation of ventricular zone precursors and the concurrent inhibition of the Notch pathway in the progenitors themselves (Fig. 7E) . The transcriptional repressor Hes1 is central to the process of progenitor self-renewal within the nervous system (Kageyama et al., 2008a) . However, the mechanism by which the expression of Hes1 itself is regulated is still unclear. Hes1 is a target for regulation by Notch (Kageyama et al., 2008b) , and a recent report has indicated that Gli2 regulates Hes1 activity within retinal progenitors (Wall et al., 2009 ). Hes1 also negatively autoregulates its own gene expression (Takebayashi et al., 1994) . Furthermore, the inhibitor of differentiation (Id) genes were recently shown to release Hes1 from autoregulatory inhibition, thereby promoting the maintenance of the neural stem cell pool during neuronal development (Bai et al., 2007) . Our data identify Nfia as a further regulator of Hes1 transcription. Expression of Hes1 is seen very early within neural progenitors in the mouse embryo, from approximately E7.5 (Kageyama et al., 2008b) . Expression of Nfia, by contrast, becomes evident only much later, with almost no telencephalic expression of NFIA at E12, and hippocampal expression being initiated at E13 . This implies that other factors are required to control the expression of Nfia. Candidates include the transcription factors Pax6 and Emx2, both of which have been implicated upstream of Nfia in cortical development (Gangemi et al., 2006; Holm et al., 2007) . The temporal dynamics of NFIA expression may also explain why only relatively subtle defects in neurogenesis occur in Nfia Ϫ/Ϫ mice, as much neurogenesis has already occurred before induction of Nfia expression, whereas gliogenesis, which occurs from late gestation, is severely affected in these mutants. Negative regulation of Hes1 by Nfia only occurs from approximately E13 onwards at the onset of Nfia expression, providing a mechanism for gliogenic differentiation through regulation of the Notch signaling pathway and activation of astrocyte-specific genes in neural progenitors. Interestingly, Hes1 expression was recently shown to be oscillatory within telencephalic neural progenitors, with instability of Hes1 mRNA and protein, combined with its autoregulatory capacity, contributing to the production of Hes1, Ngn2, and Dll1 oscillatory networks (Shimojo et al., 2008) . Whether or not Nfia undergoes a similar oscillatory cycle is unclear at this stage, although the direct regulation of Nfia by Notch signaling (Namihira et al., 2009 ) indicates this may be a possibility.
One interesting issue raised by our data is that differentiation of ventricular zone progenitors does take place in the absence of Nfia, albeit at a significantly slower pace than in controls (e.g., Fig. 5G,H ) . This indicates that other factors may also contribute to the repression of Notch signaling within the telencephalon. Another Nfi family member, Nfib, is one potential candidate for mediating the repression of Notch signaling in the Nfia mutant. Like Nfia, Nfib is expressed by progenitor cells within the hippocampal ventricular zone (supplemental Figs. 7, 8 , available at www.jneurosci.org as supplemental material), and Nfib Ϫ/Ϫ mice display delays in hippocampal astrocyte development (Barry et al., 2008) . Furthermore, Hes1 mRNA levels are significantly higher in the hippocampus of Nfib Ϫ/Ϫ mice than that of controls, and chromatin immunoprecipitation experiments demonstrate that the basal Hes1 promoter is bound by NFIB in vivo (supplemental Fig. 8G ,H, available at www.jneurosci.org as supplemental material). Finally, reporter gene assays show that NFIB is able to directly repress Hes1 promoter-mediated transcriptional activity (supplemental Fig. 8 I, available at www.jneurosci.org as supplemental material), suggesting that both Nfia and Nfib act to repress Notch pathway activity during cortical development.
A further challenge arising from this study is to determine the extent of regulatory control exerted on the Notch signaling pathway by Nfia. In addition to Hes1, our array and qPCR screens identified numerous other genes known to contribute to Notch signaling that were misregulated in Nfia mutants, including Hes5 (Ohtsuka et al., 1999) , Dll1 (Grandbarbe et al., 2003) , Id4 (Jeon et al., 2008) , radical fringe (Mikami et al., 2001) , neuralized (Lai et al., 2001) , Ngn2 (Shimojo et al., 2008) , and Hey1 (Fischer et al., 2004) . Although the misregulation of these genes may occur as a secondary consequence of Hes1 overexpression, our bioinformatic promoter screen indicated that many of these genes, including Hes5, Id4, and Hey1 (Fig. 7) , also contain conserved putative NFI binding sites within their respective promoters, indicating that they too may be bone fide transcriptional targets of the Nfi family. Furthermore, the overexpression of Ngn2 and Dll1 (Table 2 , Fig. 6 ) suggests that, in addition to regulating Notch signaling in radial progenitors, Nfia may also regulate the expression of Notch ligands on newborn neurons and intermediate progenitors during development. In conclusion, Nfia plays a central role in nervous system development, driving the expression of astrocyte-specific genes but also suppressing the progenitor cell state to allow differentiation to occur.
